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Abstract 

Targeting  of  antifibrotic  drugs  to  hepatic  stellate  cells  (HSC)  is  a  promising  strategy  to  block  fibrotic  processes  leading  to  liver  cirrhosis.  For 
this  purpose,  we  utilized  the  neo-glycoprotein  mannose-6-phosphate-albumin  (M6PHSA)  that  accumulates  efficiently  in  HSC  during  liver  fibrosis. 
Pentoxifylline  (PTX),  an  antifibrotic  compound  that  inhibits  HSC  proliferation  and  activation  in  vitro,  was  conjugated  to  M6PHSA.  We  employed 
a  new  type  of  platinum-based  linker,  which  conjugates  PTX  via  coordination  chemistry  rather  than  via  covalent  linkage.  When  incubated  in 
plasma  or  in  the  presence  of  thiol  compounds,  free  PTX  was  released  from  PTX-M6PHSA  at  a  sustained  slow  rate. 

PTX-M6PHSA  displayed  pharmacological  activity  in  cultured  HSC  as  evidenced  by  changes  in  cell  morphology  and  reduction  of  collagen  I 
production.  PTX-M6PHSA  and  platinum  coupled  PTX  did  not  induce  platinum-related  toxicity  (Alamar  Blue  viability  assay)  or  apoptosis 
(caspase  activation  and  TUNEL  staining).  In  vivo  distribution  studies  in  fibrotic  rats  demonstrated  specific  accumulation  of  the  conjugate  in 
nonparenchymal  cells  in  the  fibrotic  liver.  In  conclusion,  we  have  developed  PTX-M6PHSA  employing  a  novel  type  of  platinum  linker,  which 
allows  sustained  delivery  of  the  drug  to  HSC  in  the  fibrotic  liver. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Liver  cirrhosis  is  the  end-stage  of  liver  diseases  such  as  viral 
hepatitis,  alcohol  abuse,  non-alcoholic  steatohepatitis  and  other 


Abbreviations:  aSMA,  a-smooth  muscle  actin;  BCA,  bicinchoninic  acid; 
BDL,  bile  duct  ligated;  DMF,  dimethylformamide;  DTT,  dithiothreitol;  FAAS, 
flameless  atomic  absorption  spectroscopy;  FLU-ULS,  adduct  of  fluorescein  and 
platinum  linker;  GSH,  glutathione;  HSC,  hepatic  stellate  cell;  M6PHSA, 
mannose-6-phosphate  modified  human  serum  albumin;  PTX,  pentoxifylline; 
PTX-ULS,  adduct  of  PTX  en  platinum  linker;  TUNEL,  TdT-mediated  dUTP 
Nick  End  Labeling;  ULS,  Platinum(ethylenediamine)  linker,  named  Universal 
Linker  System. 
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diseases  in  which  acute  liver  damage  leads  to  chronic 
inflammation  and  fibrosis  [1].  Apart  from  liver  transplantation, 
no  appropriate  treatment  is  currently  available  for  liver  fibrosis. 
Unfortunately,  donor  organ  shortage  and  high  costs  remain  a 
serious  problem  for  transplantation  and,  when  it  occurs,  hepatic 
failure  after  transplantation  is  still  burdened  by  a  high  mortality 
rate.  Finding  a  proper  pharmacotherapeutic  treatment  for  liver 
fibrosis  is  therefore  considered  a  major  challenge.  Selective 
targeting  of  antifibrotic  drugs  to  hepatic  stellate  cells  (HSC)  has 
recently  been  proposed  as  a  potential  new  strategy  to  counteract 
liver  fibrosis  at  the  level  of  stellate  cell  activation  [2].  HSC  have 
been  identified  as  the  key  fibrogenic  cell  type  [3,4].  During  liver 
fibrosis,  different  stimuli  induce  HSC  proliferation,  leading  to 
large  numbers  of  activated  HSC  that  regulate  the  increased 
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production  of  extracellular  matrix  components  such  as  col¬ 
lagens  [5]. 

We  have  developed  mannose-6-phosphate  modified  albumin 
(M6PHSA),  which  binds  with  high  affinity  to  the  insulin-like 
growth  factor  II/mannose-6-phosphate  receptor  on  activated 
HSC  [2,6,7].  Since  the  M6PHSA  carrier  is  internalized  via 
receptor-mediated-endocytosis  upon  binding  to  HSC,  potent 
antifibrotic  compounds  can  be  delivered  intracellularly  within 
the  diseased  liver,  and  even  within  the  desired  cell-type  [8]. 

Pentoxifylline  (PTX)  has  been  suggested  for  specific 
targeting  to  the  fibrotic  liver  [1].  Its  antifibro genic  and  anti¬ 
inflammatory  properties  on  activated  HSC  have  been  exten¬ 
sively  reported  and  demonstrated.  PTX  reduces  the  transdiffer¬ 
entiation  of  HSC  to  myofibroblasts  and  inhibits  HSC 
proliferation  [9-11].  PTX  also  reduces  the  fibrogenic  effect  of 
TGF-p)  on  HSC  by  interference  with  p38  MAP  kinase  and 
ERK1/2  pathways,  thereby  decreasing  hepatic  procollagen  type 
1  mRNA  expression  [12].  However,  apart  from  beneficial 
effects  in  HSC,  pro  fibrotic  effects  of  PTX  on  Kupffer  cells  have 
been  reported  [11],  as  well  as  many  effects  in  other  cell  types 
[13,14].  Cell-selective  targeting  of  PTX  to  HSC  is  therefore 
required  to  create  favorable  effects  in  HSC,  while  avoiding  the 
pro  fibrotic  effects  in  Kupffer  cells  and  effects  in  other  organs. 

In  the  present  paper  we  describe  the  development  of  the 
novel  HSC-directed  conjugate  PTX-M6PHSA.  To  conjugate 
PTX  to  M6PHSA,  we  employed  a  novel  type  of  platinum  linker 
chemistry  which  allows  stable  coupling  of  drug  molecules  to 
proteins.  The  new  drug-linking  approach  is  based  on  the 
formation  of  a  platinum- ligand  coordination  bond  with  an 
aromatic  nitrogen  in  PTX,  after  which  the  linker  is  further 
reacted  to  electron  donor  sites  in  the  carrier  protein  (Fig.  1). 

Schematic  structure  of  PTX-M6PHSA: 
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Fig.  1.  General  structure  of  PTX-M6PHSA.  PTX  is  coupled  via  the  platinum 
linker  ULS  to  thiol  groups  of  the  protein.  Two  possible  binding  sites  in  the 
protein  are  proposed,  i.e.  the  thiol  group  of  the  M6P  homing  devices  on  the 
modified  HSA  (1),  and  the  sulfur  atom  in  methionine  groups  of  the  protein  (2). 


Since  the  nature  of  the  organoplatinum  bond  is  quite  different 
from  the  linkages  in  classical  drug  targeting  conjugates,  we 
investigated  drug-release  characteristics  and  linker-related 
toxicity  of  the  conjugates.  In  addition,  we  report  on  cell- 
specific  binding  to  HSC  and  in  vitro  pharmacological  effects  of 
PTX-M6PHSA,  as  well  as  its  homing  to  HSC  during  liver 
fibrosis  in  the  rat. 

2.  Materials  and  methods 

2.7.  Chemicals  and  biochemicals 

Platinum  (II)  ethylendiammine  dichloride  (Universal  linker 
System,  ULS)  and  fluorescein-ULS  (FLU-ULS)  were  prepared 
as  previously  described  by  Kreatech  Biotechnology  (Amster¬ 
dam,  The  Netherlands)  [15].  PTX  and  cisplatin  were  obtained 
from  Sigma.  Human  Serum  Albumin  (HSA)  was  obtained  from 
Sanquin  (Amsterdam,  The  Netherlands). 

2.2.  Synthesis  of  conjugates 

2.2.1.  Preparation  of  M6PHSA 

M6PHSA  was  prepared  and  characterized  as  described 
previously  [6].  Dimeric  protein  products  which  often  are 
present  in  starting  material  or  formed  during  reactions  were 
removed  by  size-exclusion  chromatography  using  a  Hiload  1 6/ 
60  Superdex  200  column  (Amersham  Biosciences).  The  final 
monomeric  product  was  extensively  dialyzed  against  water  at 
4  °C,  lyophilized  and  stored  at  -20  °C  until  use.  Typically, 
M6PHSA  contains  28  M6P  groups  per  albumin. 

2.2.2.  Synthesis  of  PTX-ULS 

ULS  (82.5  mg,  0.25  mmol)  was  dissolved  in  3  ml  of 
dimethylformamide  (DMF)  and  converted  into  the  more 
reactive  ULS  mononitrate  by  adding  small  aliquots  of  AgN03 
(38.5  mg,  0.22  mmol,  dissolved  in  1  ml  of  DMF)  within  a  time 
period  of  two  hours.  The  precipitated  AgCl  was  removed  by 
centrifugation.  PTX  (43.2  mg,  0.155  mmol,  dissolved  in  1  ml  of 
DMF)  was  added  and  the  resulting  mixture  was  stirred  at  60  °C 
for  2  days.  DMF  was  removed  by  rotary  evaporation,  after 
which  the  residue  was  dissolved  in  2  ml  of  water  and  again 
taken  to  dryness  under  reduced  pressure.  The  crude  product  was 
dissolved  in  water  (2  ml)  and  stored  overnight  at  -20  °C  to 
precipitate  unreacted  ULS  as  yellow  crystals,  which  were 
removed  by  centrifugation  (10  min  at  14,000  rpm).  The  identity 
and  purity  of  the  final  product  were  checked  by  HPLC  (95%), 
NMR  and  mass  spectroscopy.  PTX-ULS  was  stored  at  4  °C 
until  further  use. 

Yield:  105  mg  (0.166  mmol,  107%  yield).  Apart  from  PTX- 
ULS,  the  product  contained  water  and  inorganic  salts  that  did 
not  interfere  in  the  next  reaction  step. 

PTX  'H  NMR  (D20):  6h  1.61  (m,  4H,  CH2(CH2)2CH2), 
2.24  (s,  3H,  CH3CO),  2.64  (t,  J=6.41  Hz,  2H,  COCH2),  3.53  (s, 
3H,  CONCH3),  3.95  (m,  5H,  CH2N  and  CNCH3CH),  7.92  (s, 
1H,  CH)  ppm. 

PTX-ULS  'H  NMR  (D20):  6H  1.62  (m,  4H,  CH2 
(CH2)2CH2),  2.25  (s,  3H,  CH3CO),  2.58  (m,  6H,  COCH2, 
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H2N(CH2)2NH2),  3.99  (t,  7=6.56  Hz,  2H,  CH2N),  4.02  (s,  3H, 
CONCH3),  4.55  (s,  3H,  CNCH3C),  5.59  (m,  4H,  H2N 
(CH2)2NH2),  8.48  (s,  1H,  CH)  ppm. 

PTX-ULS  195Pt  NMR  (D20):  8Pt  -2471  ppm. 

PTX-ULS  ionspray  MS:  Observed  product  peaks  corre¬ 
sponded  to  PTX-ULS  monochloride  (MW =568.1  Da)  and  to 
PTX-ULS  in  which  chloride  was  replaced  by  a  hydroxyl  anion 
(MW= 550.1  Da).  The  latter  product  is  possibly  formed  during 
dilution  or  ionization  of  the  compound  for  mass  analysis.  Both 
PTX-ULS  species  will  react  similarly  in  subsequent  reaction 
steps. 

2.2.3.  Synthesis  of  PTX-M6PHSA  and  other  conjugates 

All  PTX-ULS-protein  and  FLU-ULS -protein  conjugates 
listed  in  Table  1  were  prepared  according  to  the  following 
general  protocol,  which  employs  a  10: 1  molar  ratio  of  drug- 
ULS  to  protein.  Typically,  10  mg  of  M6PHSA  (143  nmol)  was 
dissolved  in  1  ml  of  20  mM  tricine/NaN03  buffer  pH  8.3.  PTX- 
ULS  (1430  nmol,  28.6  pi  from  a  50  mM  stock  solution  in  water) 
was  added  and  the  pH  was  checked  and  corrected  if  necessary. 
The  mixture  was  reacted  overnight  at  37  °C,  after  which 
unreacted  PTX-ULS  was  removed  by  size-exclusion  chroma¬ 
tography  using  disposable  PD  10  columns  (Amersham  Bios¬ 
ciences),  or  by  dialysis  against  PBS  at  4  °C.  The  final  product 
was  sterilized  by  0.2  pm  filtration  and  stored  at  -20  °C. 

2.3.  Characterization  of  drug-protein  conjugates 

To  determine  the  amount  of  PTX  or  FLU  conjugated  via 
ULS  to  the  proteins,  products  were  subjected  to  various 
analyses  related  to  either  carrier,  drug  or  linker,  respectively. 

2.3.1.  Protein  determination 

The  protein  content  of  the  conjugates  was  analyzed  by 
different  standard  protein  assays.  Both  Lowry  and  Bradford 
assays  yielded  protein  recoveries  over  100%,  indicating 
interference  of  ULS  modification  with  the  protein  determina¬ 
tion.  The  bicinchoninic  acid  (BCA)  assay  (Pierce,  Rockford,  IL, 
USA)  resulted  in  adequate  recovery  of  freeze-dried  amounts  of 
the  products. 

2.3.2.  PTX  determination 

The  amount  of  PTX  coupled  to  the  carrier  was  analyzed 
by  HPLC  after  competitive  displacement  of  the  drug  by 

Table  1 


Characterization  of  conjugates  synthesized  with  PTX-ULS  and  FLU-ULS 


Conjugate 

Synthesis  ratio 
drug-ULS :  protein 

Coupling  ratio 
drug:  protein  a 

Coupling  ratio 
ULS :  protein  b 

PTX-M6PHSA 

10:1 

6.7:1  (±0.7) 

6.9:1  (±2.7) 

PTX-HSA 

10:1 

1.5:1  (±1.0) 

3.5:1  (±2.1) 

FLU-M6PHSA 

10:1 

6.5 : 1  (±2.0) 

6.2:1  (±2.9) 

FLU-HSA 

10:1 

4.3 : 1  (±2.0) 

5.4:1  (±0.4) 

a  PTX  coupling  ratio  was  determined  by  HPLC  after  competitive  displace¬ 
ment  of  the  drug  with  KSCN  at  80  °C  for  24  h.  FLU  coupling  ratio  was 
determined  by  its  absorbance  at  500  nm. 
b  ULS  coupling  ratio  was  determined  by  FAAS. 


excess  of  potassium  thiocyanate  (KSCN),  a  Pt-coordinating 
ligand.  In  brief,  appropriate  dilutions  of  the  conjugates 
corresponding  to  approximately  10  pM  PTX  were  incubated 
overnight  at  80  °C  in  the  presence  of  0.5  M  KSCN  in  PBS. 
After  cooling  to  room  temperature,  the  samples  were  stored  at 
-20  °C  until  HPLC  analysis.  Free,  non-conjugated  PTX  was 
determined  by  HPLC  analysis  of  samples  that  had  not  been 
incubated  with  KSCN. 

We  analyzed  PTX  and  PTX-ULS  by  reverse-phase  HPLC  on 
a  Waters  system  (Waters,  Milford,  MA,  USA)  equipped  with  an 
UV  detector  operated  at  274  nm  and  a  thermostated  column 
oven  operated  at  40  °C.  Elutions  were  performed  on  a 
pBondapak  Guard-pak  Cl 8  precolumn  in  combination  with  a 
5  pm  Hypersil  BDS  C8  column  (250x4.6  mm,  Thermoquest 
Runcorn,  UK).  Mobile  phase  consisted  of  acetonitrile/water/ 
trifluoracetic  acid  (25/75/0.1)  at  1  ml/min.  PTX  and  PTX-ULS 
eluted  at  6  and  5  min  after  injection,  respectively. 

2.3.3.  Characterization  of  FLU-ULS  modified  proteins 

FLU-ULS  coupling  ratios  were  determined  spectrophoto- 

metrically  without  destruction  of  the  conjugates.  Appropriate 
dilutions  of  the  conjugates  in  PBS  were  analyzed  at  500  nm  and 
related  to  a  calibration  curve  of  fluorescein  sodium. 

2.3.4.  Determination  of  platinum  content  in  conjugates 

To  assess  the  number  of  coupled  ULS  molecules,  appropriate 
dilutions  of  the  conjugates  corresponding  to  approximately 
1  pM  of  platinum  were  analyzed  by  flameless  atomic  absorption 
spectroscopy  (FAAS),  as  described  previously  [16]. 

2.4.  PTX  release  studies 

The  stability  of  PTX-M6PHSA  in  biological  media  was 
investigated  by  incubating  the  conjugate  in  pH  7.4  at  37  °C  up 
to  7  days  in  a  1 : 1  dilution  of  normal  rat  serum  and  PBS. 
Released  PTX  and  conjugate  bound  drug  were  separated  by 
treating  aliquots  with  acetonitrile  (2 : 1  v/v)  after  which  the 
samples  were  centrifuged  at  high  speed  to  precipitate  proteins. 
The  clear  supernatant  was  stored  at  -20  °C  until  HPLC 
analysis.  Calibration  curves  were  made  by  spiking  biological 
media  with  free  PTX  and  were  treated  similar  to  PTX- 
M6PHSA  samples. 

Thiol-competitive  displacement,  rather  than  enzymatic 
release,  most  likely  facilitates  intracellular  release  of  PTX 
from  the  conjugates.  We  therefore  performed  drug  release 
studies  by  incubating  PTX-M6PHSA  for  24  h  at  37  °C  in  PBS 
pH  7.4  containing  5  mM  glutathione  (GSH)  or  5  mM 
dithiothreitol  (DTT).  PTX  release  was  compared  to  incubations 
in  PBS  or  HSC  culture  medium,  and  expressed  as  the 
percentage  of  total  bound  PTX. 

2.5.  Isolation  and  culturing  of  HSC 

HSC  were  isolated  from  livers  of  male  Wistar  rats  (0.3  kg) 
according  to  standard  techniques  [17].  After  digestion  of  the  liver 
with  collagenase  P  (Boehringer,  Mannheim,  Germany),  pronase 
(Merck,  Darmstadt,  Germany),  and  DNAse  (Boehringer), 
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HSC  were  separated  from  other  hepatic  cells  by  density- 
gradient  centrifugation  and  collected  at  the  top  of  an  11% 
Nycodenz-solution  (Brunschwig  Chemie,  Amsterdam).  Sub¬ 
sequently,  HSC  were  cultured  in  disposable  plastic  bottles 
(Nunc,  USA),  in  DMEM  (GIBCO)  containing  10%  fetal  calf 
serum  (Hyclone  Laboratories  Inc.,  Logan,  UT,  USA),  100  U/ 
ml  penicillin,  and  100  pg/ml  streptomycin  (Sigma).  These 
culture  conditions  allow  HSC  to  attach  and  proliferate  as 
confirmed  by  microscopical  evaluation.  Cells  cultured  for  2 
days  after  isolation  exhibited  the  phenotype  of  quiescent  HSC, 
a  compact  cell  shape  with  many  cytoplasmic  fat  droplets, 
while  cells  cultured  for  10  days  after  isolation  displayed  the 
more  elongated  phenotype  of  activated  HSC  without  the 
vitamin  A  containing  fat  droplets.  All  experiments  with 
conjugates  were  performed  with  the  latter  type  of  activated 
HSC. 

2.6.  Binding  studies  of  PTX-M6PHSA  to  target  cells 

2.6.1.  M6P/IGFII  receptor  expression 

We  investigated  the  specific  binding  of  PTX-M6PHSA  to  its 
target  receptor  in  a  cell  line  that  express  M6P/IGLII  receptor, 
first,  immunohistochemical  detection  of  the  target  receptor  was 
analyzed.  Lor  this  purpose,  NIH/3T3  cells  (2500  cells/well 
seeded  into  96  well-plates)  were  cultured  for  24  h  at  37  °C  in 
DMEM  medium  (Cambrex,  New  Jersey)  supplemented  with 
5%  ECS.  After  washing  and  acetone-fixation  of  the  cells, 
expression  of  the  M6P/IGEII  receptor  was  visualized  by 
immunohistochemical  staining  (Santa  Cruz  Biotechnology, 
California). 

2.6.2.  Radioactive  binding  studies 

1  nr 

In  addition,  we  studied  the  binding  of  I-radiolabeled 
PTX-M6PHSA  to  M6P/IGEII  receptor  expressing  NIH/3T3 
fibroblasts.  PTX-M6PHSA  was  radiolabeled  to  a  specific 
activity  of  35  x  106  cpm/pg  by  a  chloramine-T  method.  Prior  to 
the  experiment,  the  radiolabeled  PTX-M6PHSA  was  purified 
by  gel  filtration  on  a  PD  10  column  (Amersham  Biosciences). 
After  gel  filtration,  the  radiolabeled  PTX-M6PHSA  contained 

i  nr 

less  than  5%  free  I,  as  determined  by  precipitation  of  the 
protein  with  10%  trichloroacetic  acid. 

Binding  studies  were  performed  by  incubating  NIH/3T3 
cells  (60,000  cells/well  seeded  in  12-well  plates)  with  100,000 
cpm  of  radiolabeled  PTX-M6PHSA  for  4  h  at  37  °C. 
Competitive  displacement  was  performed  by  adding  0.1  mg/ 
ml  M6PHSA  carrier.  After  washing  of  the  cells  with  ice-cold 
PBS  containing  1%  bovine  serum  albumin,  cells  were  lysed  by 
adding  0.5  ml  of  1  M  NaOH  for  30  min.  I-radioactivity  was 
counted  in  an  LKB  multichannel  counter  (LKB,  Bromma, 
Sweden). 

2.6.3.  Immunohistochemical  binding  studies 

In  addition  we  performed  studies  in  which  binding  of  PTX- 
M6PHSA  was  detected  by  immunohistochemical  staining  of  the 
protein.  Lor  this  purpose,  NIH/3T3  cells  were  incubated  for  4  h 
at  37  °C  in  the  presence  of  1  mg/ml  M6PHSA  or  PTX- 
M6PHSA.  After  washing  and  acetone-fixation  of  the  cells,  the 


binding  of  the  conjugates  was  detected  immunohistochemically 
using  rabbit-anti-HSA  antibody  (Cappel  ICN  Biomedicals, 
Zoetermeer,  The  Netherlands). 

2. 7.  Binding/homing  studies  in  BDL  rats 

Organ  distribution  studies  were  performed  in  BDL  rats  as 
described  previously  [2].  All  in  vivo  experiments  were  approved 
by  the  Local  Committee  for  Care  and  Use  of  Laboratory 
Animals.  Male  Wistar  rats  weighing  250-350  g  (Harlan,  Zeist, 
The  Netherlands)  were  housed  under  a  12-h  dark/light  cycle. 
Animals  had  free  access  to  tap  water  and  standard  lab  chow. 
Liver  fibrosis  was  induced  by  ligation  of  the  bile  duct  under 
isoflurane  anesthesia  (2%  isoflurane  in  2 : 1  02/N20,  1  1/min) 
(Abbot  Laboratories  Ltd.,  Queensborough,  UK).  Three  weeks 
after  BDL,  the  liver  showed  severe  fibrotic  lesions  and 
excessive  matrix  deposition,  as  assessed  by  immunostaining 
for  collagen  III  [2].  At  this  time  point,  the  rats  were  used  for 
biodistribution  studies  to  determine  homing  to  the  fibrotic  liver 
and  subcellular  localization  within  the  liver.  During  biodis¬ 
tribution  studies,  rats  were  kept  under  isoflurane  anesthesia 
and  body  temperature  was  maintained  at  37-38  °C. 

2.7.1.  Biodistribution  of  radiolabeled  proteins 

Rats  were  i.v.  injected  via  the  dorsal  penis  vein  with  tracer 
doses  (106  cpm/rat)  of  either  125I-PTX-M6PHSA  or  125I- 
radiolabeled  M6PHSA.  At  10  min  after  administration,  blood 
samples  were  taken  by  heart  puncture  and  the  organs  were 
excised,  washed  in  saline,  and  weighed  after  which  125I- 
radioactivity  was  counted.  Urine  was  recovered  from  the 
bladder  and  measured.  The  total  radioactivity  per  organ  was 
calculated  and  corrected  for  blood-derived  radioactivity  using 
BDL  correction  factors. 

2. 7.2.  Immunohistochemical  detection  of  conjugates 

In  order  to  analyze  intrahepatic  distribution  of  the  con¬ 
jugates,  BDL  rats  received  one  i.v.  injection  of  non-radiolabeled 
PTX-M6PHSA  (2  mg/kg).  Tissue  specimens  were  processed 
for  immunohistochemical  analysis  according  to  standard 
procedures.  Cryostat  sections  (4  pm)  of  the  liver  were  fixed 
in  acetone  and  stained  for  the  presence  of  conjugates  by  anti- 
HS  A  immunodetection.  Colocalization  of  PTX-M6PHS  A  with 
HSC  was  investigated  by  double  staining  of  HSA  and  desmin. 
To  amplify  anti-HSA  staining,  GARPO  (peroxidase-conjugated 
goat  anti-rabbit  immunoglobulin)  and  RAGPO  (peroxidase- 
conjugated  rabbit  anti-goat  immunoglobulin)  secondary  anti¬ 
bodies  were  used  in  the  double  staining  protocol.  Anti-desmin 
(Cappel  ICN  Biomedicals)  was  used  in  combination  with 
RAM-AL  (alkaline  phosphatase-conjugated  rabbit  anti-mouse) 
for  detection  of  activated  HSC. 

2.8.  In  vitro  effects  of  PTX-M6PHSA  conjugates 

We  tested  the  pharmacological  efficacy  of  PTX-M6PHSA 
by  incubating  activated  HSC  for  24  h  at  37  °C  with  the 
conjugate  or  with  control  compounds  relating  to  the  experi¬ 
ments  described  below. 
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2.8.1.  Cytotoxic  effects 

Cell  viability  was  determined  using  the  Alamar  Blue 
viability  assay  according  to  the  protocol  of  the  supplier  (Serotec 
Ltd).  Activated  HSC  (10,000  cells/well  seeded  in  96  well- 
plates,  Corning  Costar)  were  incubated  for  24  h  in  culture 
medium  spiked  with  either  cisplatin  (100  pM),  PTX  (100  pM), 
PTX-ULS  (100  pM)  or  PTX-M6PHSA  (1  mg/ml  based  in 
protein  concentration,  100  pM  in  platinum  concentration). 

Induction  of  apoptosis  was  determined  by  caspase  3/7- 
activity  measurement  using  the  apoptosis  Caspase-Glo  assay 
(Promega).  Activated  HSC  (10,000  cells/well  seeded  in 
white-walled  96  well-plates,  Coming  Costar)  were  incubated 
in  culture  medium  spiked  during  24  h  with  either  cisplatin 
(100  pM),  PTX  (100  pM),  PTX-ULS  (100  pM)  or  PTX- 
M6PHSA  (1  mg/ml  based  in  protein  concentration,  100  pM 
in  platinum  concentration). 

Similar  studies  were  performed  with  HSC  (10,000  cells/well 
in  Permanox  LAB-TEK  chamber  slides,  Nalge  Nunc  Int.)  which 
were  subjected  to  TUNEL  staining  of  fragmented  DNA  as  read¬ 
out  parameter  of  apoptosis  induction  [18].  Quantification  per 
treatment  was  performed  after  a  minimum  of  1 00  cells  in  at  least 
6  different  microscopic  fields  per  section  at  magnification  of 
10x,  under  the  fluorescence  microscope.  Analysis  performed  by 
two  independent  observers. 


competing  platinum-ligand  (KSCN).  The  drug/ carrier  ratios  as 
shown  in  Table  1  were  corroborated  by  determination  of 
platinum /carrier  ratios  using  FAAS.  Using  a  10: 1  initial  syn¬ 
thesis  ratio,  an  average  of  about  6  to  7  molecules  of  PTX-ULS 
was  coupled  to  M6PHSA.  Interestingly,  coupling  ratios  of  both 
PTX-ULS  and  FLU-ULS  with  M6PHSA  exceeded  those  of 
conjugates  prepared  with  unmodified  HSA.  Similarly,  PTX- 
ULS  showed  also  higher  dmg :  carier  loading  ratio’s  with  other 
neoglycoproteins  like  mannose-HSA  (data  not  shown).  Since 
platinum(II)  readily  reacts  with  sulfur  containing  ligands,  we 
hypothesized  that  ULS  reacted  to  the  thiocarbonyl  group 
between  the  M6P  ligand  and  the  albumin  core  protein,  as 
illustrated  in  Fig.  1.  Thiourea  reacted  rapidly  with  PTX-ULS  at 
the  applied  reaction  conditions  of  the  conjugates,  as  was 
demonstrated  by  HPLC  analysis  and  mass  spectrometry  (data 
not  shown).  However,  reaction  of  ULS  to  other  functional 
groups  in  the  protein  like  methionine  or  cysteine  residues  or 
even  hydroxyl  or  amine  side  chains  cannot  be  excluded. 

3.2.  Drug  release  profile  of  PTX-M6PHSA  conjugate 

To  study  the  stability  of  PTX-M6PHSA  under  physiological 
conditions,  we  incubated  PTX-M6PHSA  in  serum  (pH  7.4)  at 
37  °C.  About  40%  of  the  conjugated  PTX  was  still  bound  to  the 


2.8.2.  Antifibrotic  effects 

HSC  (10.000  cells/well  in  Permanox  LAB-TEK  chamber 
slides)  were  incubated  with  culture  medium  supplemented  with 
either  PTX-M6PHSA,  PTX-HSA,  or  FLU-M6PHSA,  all  at  a 
concentration  of  1  mg/ml.  The  applied  concentration  of  PTX- 
M6PHSA  corresponded  to  100  pM  of  conjugated  PTX.  In 
addition,  HSC  were  incubated  with  1  mM  free  PTX.  After  24 
h  of  incubation  at  37  °C,  HSC  were  acetone-fixed  and  stained 
for  the  presence  of  fibrosis  markers  according  to  standard 
methods  using  monoclonal  antibody  against  a-smooth  muscle 
actin  (Sigma)  or  polyclonal  antibody  against  collagen  type  I 
(Southern  Biotechnology,  USA).  HSC  morphology  was  ana¬ 
lyzed  via  direct  optical  microscopy  observation. 

2.9.  Statistics 

Statistical  significance  of  differences  was  tested  using  the 
two-tailed  Student’s  Utest,  assuming  normal  distribution  and 
similar  variances  of  the  data.  The  differences  were  considered 
significant  at  ^-values  lower  than  0.05.  The  data  are  presented 
as  the  mean  of  a  triplicate  ±S.D. 

3.  Results 

3.1.  Synthesis  and  characterization 

In  the  present  study,  we  investigated  platinum-based 
coordination  chemistry  for  the  coupling  PTX  to  the  M6PHSA 
carrier  protein.  This  new  type  of  linker  binds  to  aromatic 
nitrogens  in  drug  molecules  (Fig.  1),  forming  a  bond  of 
intermediate  binding  strength.  To  quantify  PTX  loading  onto 
M6PHSA,  the  complexed  drug  was  displaced  by  an  excess  of 


PBS  culture  GSH  5mM  DTT  5  mM 

medium 


Fig.  2.  Drug  release  profiles  of  PTX-M6PHSA.  Released  drug  was  related  to  the 
total  amount  of  coupled  PTX  as  determined  by  KSCN  displacement.  A)  Drug 
release  upon  incubation  of  PTX-M6PHSA  in  serum/PBS  (1:1)  pH  7.4  at  37  °C 
for  7  days,  B)  Release  of  PTX  after  24  h  of  incubation  at  37  °C  in  PBS  pH  7.4, 
HSC  culture  medium,  or  in  the  presence  of  thiol-containing  competitors  (GSH 
and  DTT).  *:  p< 0.05  vs  PBS. 
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carrier  after  7  days  of  incubation  (Fig.  2A).  This  result  indicates 
that  the  linkage  between  drug  and  carrier  displays  adequate 
stability  in  plasma,  although  the  drug  is  released  at  a  slow  rate. 
PTX-HSA  showed  similar  stability  as  PTX-M6PHSA  (data  not 
shown). 

Since  the  release  of  PTX  from  the  platinum  is  most  likely 
due  to  competitive  displacement  by  preferred  platinum  ligands, 
such  as  for  instance  thiols,  we  incubated  the  conjugate  with 
DTT  or  GSH.  Incubation  with  the  non-physiological  molecule 
DTT  resulted  in  complete  release  of  the  drug  from  the 
conjugate  (Fig.  2B).  The  concentration  of  5  mM  GSH  reflects 
conditions  within  a  cell’s  interior.  GSH  clearly  accelerated  the 
release  of  PTX  from  the  carrier,  as  compared  to  incubation  of 
the  conjugate  in  PBS  or  culture  medium.  This  result  indicates 
that  free  PTX  can  be  generated  from  the  conjugate  inside  target 
cells. 

We  also  incubated  PTX-M6PHSA  in  different  buffers  at 
either  cytosolic  pH  (PBS  7.4)  or  lysosomal  pH  (0.1  M  sodium 
acetate  buffer,  pH  5.0).  No  differences  were  observed 


between  pH  5  and  7  (data  not  shown).  This  result  indicates 
that  the  drug  release  profile  will  not  be  affected  by  lysosomal 
pH. 

3.3.  Binding  of  PTX-M6PHSA  to  target  cells 

Since  our  characterization  reactions  revealed  that  ULS 
reacted  to  the  thiourea-part  of  the  M6P  groups,  binding 
properties  of  M6PHSA  to  M6P/IGFII  receptor  might  be 
perturbed  after  coupling  of  PTX-ULS.  After  establishing  the 
presence  of  our  target  receptor  in  a  NIH/3T3  fibroblast  cell  line 
(Fig.  3 A),  we  investigated  binding  of  PTX-M6PHSA  to  these 
target  cells.  The  observed  binding  of  125I-PTX-M6PHSA  to  the 
cells  could  be  displaced  by  competition  with  excess  of 
M6PHSA  (Fig.  3B).  We  therefore  concluded  that  PTX- 
M6PHSA  bound  specifically  to  the  cells  via  to  M6P/IGFII 
receptor.  In  addition,  non-radiolabeled  PTX-M6PHSA  was 
incubated  with  3T3  fibroblasts,  after  which  we  visualized 
binding  of  PTX-M6PHSA  to  the  cell  surface  by  anti-HSA 
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Fig.  3.  PTX-M6PHSA  binding  to  target  cells.  A)  M6P/IGFII  Receptor  expressing  NIH/3T3  fibroblasts  were  subjected  to  anti-M6P  Receptor  staining  (red  color)  and 
hematoxillin  counterstained  (blue  color).  Note  the  receptor  presence  next  to  cell  nuclei.  Magnification  20x.  B)  NIH/3T3  cells  were  incubated  with  a  tracer  dose  of  I- 
PTX-M6PHSA  (100.000  cpm/well)  in  the  absence  or  presence  of  excess  M6PHSA  (0.1  mg/ml)  which  were  incubated  for  4  h  at  37  °C.  *:  /><0.05.  C)  NIH/3T3 
fibroblasts  were  incubated  with  PTX-HSA  or  PTX-M6PHSA  at  1  mg/ml  for  4  h  at  37  °C,  after  which  the  cells  were  stained  for  bound  products  using  anti-HSA 
antibody  (red  color)  and  hematoxillin  counterstained  (blue  color).  Magnification  20 x. 
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Fig.  4.  Organ  distribution  of  I-PTX-M6PHS  A  and  I-M6PHS  A  in  BDL  rats.  Tissue  distribution  of  radiolabeled  proteins  was  determined  1 0  min  after  intravenous 
injection  of  a  tracer  dose  (1,000,000  cpm)  of  the  radiolabeled  proteins.  Total  radioactivity  in  the  organs  was  corrected  for  blood-associated  radioactivity  and  expressed 
as  %  of  the  injected  dose.  White  bars:  125I-M6PHSA,  and  black  bars:  125I-PTX-M6PHSA. 


immunodetection  (Fig.  3C).  While  PTX-M6PHSA  showed 
intense  positive  staining,  PTX-HSA  did  not  bind  to  the  cells. 
Thus,  binding  of  PTX-M6PHSA  to  target  cells  was  mediated 
via  the  M6P  homing  ligands  in  the  conjugates. 

3.4.  Biodistribution  of PTX-M6PHSA  in  rats  with  liver  fibrosis 

In  addition  to  experiments  with  in  vitro  cultured  target 
cells,  we  studied  the  biodistribution  of  PTX-M6PHSA  in  rats 
with  liver  fibrosis.  Previous  studies  in  our  group  have 
demonstrated  that  M6PHSA  accumulates  rapidly  and  effi¬ 
ciently  in  HSC  within  the  fibrotic  livers  of  BDL  rats  [2].  The 
initial  distribution  of  M6PHSA  could  be  assessed  at  ten 
minutes  after  injection.  In  the  current  experiment,  we  observed 
a  rapid  distribution  of  125I-radiolabeled  PTX-M6PHSA  and 
125I-radiolabeled  M6PHSA  to  the  fibrotic  liver  (Fig.  4).  No 
accumulation  in  other  organs  was  observed. 

Within  the  fibrotic  liver,  PTX-M6PHSA  displayed  an 
HSC-like  distribution  pattern,  as  demonstrated  by  colocaliza¬ 
tion  of  carrier  and  desmin  (Fig.  5).  From  these  results  we 


concluded  that  PTX-M6PHSA  quickly  distributed  to  the  liver 
of  BDL  rats,  where  it  specifically  binds  to  HSC. 

3.5.  In  vitro  pharmacology  of  PTX-M6PHSA  and  control 
compounds 

The  pharmacological  effects  of  PTX-M6PHSA  conjugates 
were  evaluated  on  activated  HSC.  Since  cisplatin  is  a  well- 
known  antitumor  agent,  the  use  of  platinum(II)  as  a  linker  may 
infer  platinum-related  toxicity  into  the  drug  targeting  construct. 
We  therefore  investigated  the  effects  of  the  conjugates  on  cell 
viability  and  apoptosis.  Cell  viability  studies  did  not  show  any 
toxicity  to  the  target  cells  after  24  h  treatment  with  PTX,  PTX- 
ULS  or  PTX-M6PHSA,  in  contrast  to  cisplatin  at  the  same 
concentration  (Fig.  6A).  Similarly,  treatment  of  HSC  with 
cisplatin  for  24  h  induced  apoptosis,  as  reflected  in  activation  of 
caspases  3  and  7  (Fig.  6B),  and  the  occurrence  of  DNA  strand 
breaks  assessed  by  TUNEL  staining  (Fig.  6C).  Again,  PTX, 
PTX-ULS  and  PTX-M6PHSA  did  not  induce  direct  activation 
of  caspases  or  apoptosis  (Fig.  6B).  Quantification  of  the 


Arrows  indicate  colocalization  of  PTX-M6PHSA  (HSA,  red)  and  HSC  (DESMIN,  blue). 


Fig.  5.  Colocalization  of  PTX-M6PHSA  with  HSC  in  fibrotic  livers  of  BDL  rats.  Animals  were  intravenously  injected  with  2  mg/kg  of  PTX-M6PHSA  and  sacrificed 
10  min  after  administration.  Picture  A:  Double  staining  for  HSA  (red)  and  the  HSC  marker  desmin  (blue).  Arrows  indicate  colocalization  of  HSA  and  HSC. 
Magnification  40x.  Picture  B:  Enlargement  of  picture  A  (100x). 
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TUNEL  positive  nuclei  versus  DAPI  stained  nuclei  of  HSC 
showed  a  significant  increase  after  incubation  with  cisplatin,  but 
no  increase  when  cells  were  incubated  with  PTX-M6PHSA 
(Fig.  6D). 

One  of  the  hallmarks  of  liver  fibrosis  is  the  induced 
production  of  a-smooth  muscle  actin  (aSMA)  and  collagen 
type  1  by  activated  HSC.  We  therefore  investigated  the  ex¬ 
pression  of  these  proteins  as  read-out  parameters  for  antifibrotic 
effects  of  PTX.  As  can  be  seen  in  Fig.  7,  activated  HSC  express 
collagen  type  I  in  a  granular  staining  pattern  in  the  cytoplasm, 
probably  reflecting  the  presence  of  procollagen  type  I,  while 
aSMA  stained  in  a  fiber-like  pattern.  Treatment  with  PTX  in  a 
concentration  of  1  mM  reduced  the  intensity  of  both  fibrotic 
markers  (Fig.  7G,H).  Incubation  of  the  cells  for  24  h  with  1  mg/ 
ml  PTX-M6PHSA,  which  corresponds  to  100  pM  conjugated 
PTX,  affected  collagen  type  I  expression  considerably  (Fig.  7E). 
Although  the  aSMA-staining  intensity  was  not  affected  by 


PTX-M6PHSA,  pronounced  changes  in  the  morphology  of 
HSC  were  observed  (Fig.  7F).  HSC  reacted  to  the  treatment  of 
PTX-M6PHSA  with  a  loss  of  cytoplasmic  volume,  rounded  cell 
shape  and  detachment  of  the  cells  from  the  surface  of  the  plates. 
These  effects  were  not  observed  after  incubation  with  equivalent 
concentrations  of  PTX-HSA  (Fig.  7C,D)  or  FFU-M6PHSA 
(data  not  shown),  indicating  that  the  targeted  drug  induced  these 
effects. 

4.  Discussion 

In  the  present  paper,  we  report  on  a  novel  drug  targeting 
preparation  for  the  delivery  of  the  antifibrotic  drug  PTX  to  HSC. 
Considering  the  important  role  of  HSC  in  liver  fibrosis, 
intervening  with  stellate  cell  activation  seems  an  attractive 
approach  to  counteract  liver  fibrosis.  We  demonstrated  accu¬ 
mulation  of  PTX-M6PHSA  in  HSC  and  observed  promising  in 
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Fig.  6.  Effect  of  PTX-M6PHSA  on  apoptosis.  HSC  were  incubated  for  24  h  with  cisplatin,  PTX,  PTX-ULS  (100  pM)  or  PTX-M6PHSA  at  a  concentration  of 
1  mg/ml,  which  is  equivalent  to  100  pM  cisplatin.  A)  Alamar  Blue  viability  assay.  Fluorescence  was  corrected  for  background  fluorescence  of  Alamar  Blue 
reagent  in  medium  without  cells  *:  j?<0.05  vs  control  HSC.  B)  Caspase  3/7  activity  assay  using  a  luminescent  caspase  substrate.  Emitted  light  units  were 
normalized  relative  to  the  signal  of  cisplatin  treated  HSC.  RLU:  relative  light  units,  *:  ^><0.05  vs  basal  levels.  C)  Activated  HSC,  cisplatin  or  PTX-M6PHSA 
induced  apoptosis  as  assayed  by  TUNEL  staining.  Activated  Stellate  cells  (a,  b)  were  incubated  with  100  pM  cisplatin  (c,  d)  or  PTX-M6PHSA  at  100  pM 
(e,  f).  Nuclei  were  stained  with  DAPI  (left  column)  to  localize  the  nuclei  of  all  cells,  or  TUNEL  (right  column)  to  visualize  nuclei  of  apoptotic  cells.  Cisplatin 
treatment  induced  apoptosis  in  almost  all  cells,  while  PTX-M6PHSA  treatment  is  comparable  with  control  HSC.  Magnification  10x.  D)  Quantification  of 
TUNEL  positive  cells  per  treatment  *:  ^><0.05  vs  control  HSC. 
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collagen  type  I  aSMA 


Fig.  7.  Effects  of  PTX-M6PHSA  on  fibrosis  markers  collagen  I  and  a-SMA.  HSC  were  incubated  for  24  h  with  PTX-HSA,  PTX-M6PHSA  (both  at  1  mg/ml, 
equivalent  to  100  qM  PTX),  or  1  mM  non-targeted  PTX.  Cells  were  stained  for  collagen  type  I  or  a-SMA  and  counterstained  with  hematoxillin.  A,  B)  Stellate  cells  and 
incubation  with:  C,  D)  PTX-HSA;  E,  F)  PTX-M6PHSA;  G,  H)  non-targeted  PTX.  Magnification  10x. 


vitro  antiflbrotic  activity.  Furthermore,  the  novel  platinum- 
linker  afforded  straightforward  synthesis  of  conjugates  that 
display  slow-release  of  the  coupled  drug. 

Over  the  past  decades,  drug  delivery  research  has  invested 
great  efforts  to  find  appropriate  linkage  systems  for  the 
preparation  of  drug-carrier  conjugates  [19,20].  Many  drug 
candidates  however  lack  the  appropriate  functional  groups 
for  commonly  applied  conjugation  strategies.  Although  the 
presently  investigated  drug,  PTX,  also  offers  other  options 
for  conjugation  (e.g.  hydrazone  linkage  at  its  keto  functional 
group),  we  believe  that  the  ULS  linker  has  several  properties 
that  make  it  a  valuable  technology  for  drug  delivery.  First, 
ULS  can  be  applied  for  conjugation  of  drug  molecules  that 
contain  aromatic  nitrogens.  Such  groups  are  present  in  the 


chemical  structure  of  many  drug  molecules.  The  ULS  linker 
can  therefore  facilitate  conjugation  of  drug  molecules  that 
cannot  be  coupled  via  existing  concepts.  Second,  synthesis  of 
drug-ULS  adducts  is  straightforward  and  can  be  performed  at 
high  yields.  This  may  enable  synthesis  of  drug-carrier 
conjugates  even  at  low  quantities  of  the  drug.  An  additional 
advantage  of  ULS  is  that  sulfur  atoms  are  reacted  readily 
with  the  ULS  linker  [15,16].  This  provided  a  convenient 
approach  for  coupling  PTX-ULS  to  M6PHSA,  since  high 
drug: carrier  ratios  were  found  in  the  final  product.  Lastly, 
the  slow  drug  release  profile  is  different  from  existing  drug- 
carrier  conjugates.  This  may  afford  continuous  drug  release 
during  a  period  of  days,  which  is  not  possible  with  existing 
linkages. 
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Our  in  vitro  stability/drug-release  studies  indicated  that  the 
release  of  PTX  was  driven  by  chemical  displacement  by 
coordinating  ligands  for  Pt(II).  Within  a  biological  matrix, 
such  ligands  are  for  instance  glutathione  and  ligands 
containing  sulfur  atoms  (e.g.  methionine)  or  aromatic 
nitrogens  (nucleotides,  histidines).  Since  platinum  reacts  fast 
with  thiols  but  slower  with  aromatic  nitrogens,  we  think  that 
competitive  displacement  by  glutathione  is  a  very  likely 
mechanism  for  drug  release.  At  present  we  can  only 
hypothesize  on  the  fate  of  the  conjugate  after  internalization. 
Drug  release  may  occur  in  the  lysosomes,  the  compartment  to 
which  M6PHSA  is  routed  after  internalization  [6].  Another 
possibility  is  that  drug  release  will  occur  in  multiple  steps,  in 
which  the  albumin  is  degraded  by  lysosomal  enzymes  first, 
followed  by  competitive  drug  release  by  thiols  in  other 
intracellular  compartments.  Although  intracellular  drug  re¬ 
lease  will  be  most  likely  slow,  the  rapid  uptake  of  M6PHSA 
by  target  cells  within  the  fibrotic  liver  (Fig.  4)  will  favor 
intracellular  release  of  the  conjugated  PTX  from  PTX- 
M6PHSA. 

An  important  concern  raised  in  relation  to  the  use  of 
platinum-derivatives  is  their  potential  cisplatin-related  toxicity. 
Many  different  platinum  compounds  have  been  investigated  for 
their  cell-killing  properties  in  vitro  as  well  as  in  vivo  [21].  One 
generally  accepted  mechanism  of  cisplatin  toxicity  involves 
cross-linking  of  DNA,  leading  to  cell  death  via  apoptotic  or 
necrotic  pathways  [22].  Hence,  the  toxicity  of  cisplatin  and 
other  platinum(II)  compounds  is  closely  related  to  the 
availability  of  reactive  ligand  sites  at  the  platina  atom.  Since 
in  PTX-M6PHSA  the  platinum  is  fully  coordinated,  it  can  only 
react  with  endogenous  compounds  after  release  of  the  drug  or 
carrier.  The  platinum- ethylendiammine  bridge  in  ULS  is 
considered  very  stable.  As  the  release  of  drug  (or  carrier)  is 
slow,  only  low  concentrations  of  reactive  platinum  are  present 
in  the  target  cells.  Furthermore,  cisplatin  is  readily  detoxified  by 
binding  to  low-molecular  weight  thiols  and  thiol  groups  in 
proteins,  especially  at  lower  concentrations.  We  expect  that 
glutathione  adducts  will  be  the  major  metabolites  resulting  from 
the  linker,  and  we  will  investigate  this  more  extensively  in 
future  studies.  Our  present  results  demonstrate  that  both  PTX- 
ULS  and  PTX-M6PHSA  do  not  produce  toxic  metabolites  and 
we  conclude  that  novel  ULS  linker  is  safe,  despite  the  cisplatin 
related  structure. 

PTX-M6PHSA  reduced  the  production  of  collagen  I 
notably,  an  effect  that  must  be  attributed  to  the  delivery  of 
PTX  into  the  HSC,  since  no  effect  was  observed  after  treatment 
with  either  PTX-HSA  or  FLU-M6PHSA.  In  addition,  we 
observed  striking  changes  on  the  morphology  of  the  cells, 
which  were  not  observed  after  treatment  with  free  PTX. 
Although  the  observed  changes  in  morphology  suggest  that  the 
cells  may  detach  and  die  (anoikis),  we  did  not  observe  this  in 
our  apoptosis  or  viability  assays.  Moreover,  the  elimination  of 
fibrogenic  HSC  by  PTX-M6PHSA  may  be  a  beneficial  effect  in 
the  treatment  of  liver  fibrosis,  apart  from  antifibrotic  effects  by 
reducing  collagen  deposition.  We  therefore  concluded  that 
PTX-M6PHSA  is  a  promising  candidate  for  further  evaluation 
as  antifibrotic  therapy. 


Apart  from  the  presently  investigated  conjugate,  PTX- 
M6PHSA,  ULS  allows  coupling  of  many  other  antifibrotic 
drug  candidates  that  contain  aromatic  nitrogen  donor  groups. 
In  this  respect,  we  have  investigated  the  delivery  of  the 
angiotensin  II  antagonist  losartan,  which  shows  promising 
results  in  animal  models  of  fibrosis  and  is  tested  clinically  in 
cirrhotic  patients  [1,23].  Losartan  was  coupled  to  M6PHSA 
according  to  similar  protocols  as  described  for  PTX  [24]. 
Preliminary  results  indicate  that  daily  injections  with  losartan- 
M6PHSA  attenuated  BDL  liver  fibrosis,  while  no  toxicity  was 
observed.  Together  with  the  presently  discussed  results  on 
PTX-M6PHSA,  this  indicates  the  potential  of  platinum- 
coordination  chemistry  as  a  novel  modality  to  prepare  drug 
targeting  preparations. 
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